Data are freely available from the UK Data Archive, <https://beta.ukdataservice.ac.uk/datacatalogue/series/series?id=2000031#!/access-data>. For this study, we made use of the first four surveys (MCS1-4 SN: 4683, 5350, 5795, and 6411). We had special access privileges as co-investigators on the CLOSER grant to the original parental report on eye conditions (variable EYEX in MCS2-4). Access is otherwise obtained via <https://www.closer.ac.uk/study/millennium-cohort-study/>. Information on eye conditions was included in the coding of longstanding illness (variable CLSI in MCS2-4) that is present in the freely available survey data from the UK Data Archive. The longstanding illness is based on the International Statistical Classification of Diseases and Related Health Problems 10th version (ICD-10).

Introduction {#sec004}
============

Amblyopia (lazy eye) is a condition that has long intrigued scientists and clinicians, as both a fundamental paradigm of human neural plasticity \[[@pone.0234414.ref001]\] and the most common condition managed in paediatric ophthalmology \[[@pone.0234414.ref002]\]. Up to 5% of children in industrialised countries are affected \[[@pone.0234414.ref002], [@pone.0234414.ref003]\]. Amblyopia manifests as impaired vision, usually affecting one eye, and commonly with secondary reduction in stereo ('3D') vision. The most common predisposing disorders comprise unequal refractive status in the two eyes and strabismus (misalignment of the eyes), although both conditions can exist independently without resulting amblyopia \[[@pone.0234414.ref003]\]. Thus, amblyopia is commonly classified as being refractive, strabismic or mixed.

There are sensitive periods in infancy and early childhood when amblyopia develops if predisposing conditions are present. There is a time-limited critical period during childhood during which treatment can be undertaken; the upper age boundary was conventionally considered to be around age seven years but there is currently interest in the potential for novel treatments into late adolescence \[[@pone.0234414.ref004]\].

Amblyopia is inherently asymptomatic as a developmental disorder affecting one eye. Most industrialised countries have established population child vision screening programmes to ensure that children with amblyopia are detected early and referred promptly for treatment \[[@pone.0234414.ref003], [@pone.0234414.ref005]\]. Within the UK, screening is undertaken between the ages of four and five years in accordance with the recommendations of Public Health England's National Screening Committee \[[@pone.0234414.ref006]\]. Whilst screening programmes exist internationally, there remains debate about their value. This is largely due to the incomplete evidence-base about the 'real-life consequences' of amblyopia on health, well-being and social outcomes, and the extent to which these impacts are mitigated by treatment \[[@pone.0234414.ref003], [@pone.0234414.ref007]\].

We hypothesised that as reduced vision in amblyopia (all types) should impact on visual information processing and visuomotor functions, there could be discernible associations with school readiness and performance on cognitive tests that rely on these processes during the period of early childhood when amblyopia becomes manifest and treatment is undertaken. We report here an investigation of this question utilising the UK Millennium Cohort Study (MCS) \[[@pone.0234414.ref008]\].

Methods {#sec005}
=======

Study design {#sec006}
------------

We analysed data from the MCS, a prospective population-based cohort study of children born in the UK in 2000--01 that used a stratified sampling design to achieve an overrepresentation of families from an ethnic minority group and deprived background \[[@pone.0234414.ref008]\]. This makes the cohort particularly suitable for research on amblyopia, which varies by ethnicity and socioeconomic status \[[@pone.0234414.ref002]\]. Drawing on our prior work on children with eye conditions in the MCS at age three years \[[@pone.0234414.ref009], [@pone.0234414.ref010]\] we used the subsequent follow-up data to 7 years, an age at which all children with amblyopia would be expected to be detected and treatment largely completed.

Participants {#sec007}
------------

In the absence of formal clinical assessments, parents reported on their child's vision and eye conditions at ages 3, 5, and 7 years using open and closed-ended questions \[[@pone.0234414.ref011]\]. The responses were coded based on a taxonomy applied in our previous research on childhood blindness \[[@pone.0234414.ref012]\] drawing on the International Classifications of Diseases (ICD). This extended coding has been successfully validated and subsequently used \[[@pone.0234414.ref009], [@pone.0234414.ref010]\]. Coding was undertaken independently by three researchers (PC, MCIB and LAG) and discordant codes were verified by a consultant ophthalmologist (JSR). A conservative approach was used whereby at least one parental report of both eye condition(s) and treatment(s) at ages 3, 5, or 7 had to fully match. The treatments were surgery, occlusion by patch or penalisation using cycloplegic drops, and spectacles.

In order to understand the impact on cognitive abilities and trajectories of visual information processing, we categorised children into four mutually exclusive groups comprising two affected groups of a) refractive amblyopia and b) strabismic or mixed (strabismic and refractive) amblyopia along with two comparator groups of c) no eye conditions (main reference) and d) strabismus alone, the latter to differentiate between the impact of impaired acuity (amblyopia) and ocular misalignment *per se*. Refractive amblyopia has the best prognosis among amblyopia types, affecting mainly acuity, whilst strabismic amblyopia directly impact additionally on stereovision, such that mixed amblyopia is clinically the most 'severe' amblyopia. Furthermore, delineation of refractive and strabismic or mixed amblyopia distinguishes between children more likely to be diagnosed later e.g. at screening, or earlier because they had cosmetically obvious strabismus.

Children with any other eye conditions, neurological or -developmental conditions (such as cerebral palsy and Down syndrome) were excluded as these conditions could themselves impact on both cognitive outcomes and vision ([S1 Table](#pone.0234414.s001){ref-type="supplementary-material"}) \[[@pone.0234414.ref009], [@pone.0234414.ref010], [@pone.0234414.ref013]\]. Children from multiple births were excluded as they are more likely to have vision disorders, like strabismus \[[@pone.0234414.ref010]\].

Outcomes {#sec008}
--------

We were interested in school readiness and cognitive performance in early childhood, as both are strongly associated with educational attainment, income, and health later in life \[[@pone.0234414.ref014]--[@pone.0234414.ref016]\]. In the MCS, school readiness is measured by the Bracken School Readiness Assessment Revised (BSRA-R) at age 3 \[[@pone.0234414.ref014]\] and cognitive abilities and their age-related trajectories are assessed by the British Ability Scale (BAS) II Naming Vocabulary at ages 3 and 5 and BAS II Pattern Construction at ages 5 and 7 \[[@pone.0234414.ref015]\]. The composite of the BSRA-R consists of six subtests that assess educationally relevant concepts needed for early formal education \[[@pone.0234414.ref014]\]. These subtests comprise knowledge of colours, letters, shapes, numbers and counting and the child's ability to describe, match and compare objects. Poor school readiness was defined as a score in or below the 25^th^ percentile. The BAS II is a standardised cognitive test battery in the UK to evaluate the developmental and learning abilities of children \[[@pone.0234414.ref015]\]. Naming Vocabulary is picture-based and assesses expressive language ability and long-term memory as part of the visual-verbal information processing \[[@pone.0234414.ref015]\]. Pattern Construction is object-based and assesses visual perception and spatial awareness as part of the visual-spatial information processing \[[@pone.0234414.ref015]\]. Children are expected to have higher scores with increasing age, reflecting maturing of cognitive performance and greater educational experience. The scores range from 20 to 80 points with a mean of 50. Clinically significant thresholds are differences greater than 10 or 12 points in Naming Vocabulary at age 3 or 5, and 12 or 14 points in Pattern Construction at age 5 or 7 \[[@pone.0234414.ref015]\].

Statistical analyses {#sec009}
--------------------

Potential confounders in the association of amblyopia and educational outcomes comprised child's sex, ethnicity, gestational age, and birth order, maternal education, and household's main language and disposable income \[[@pone.0234414.ref002], [@pone.0234414.ref010], [@pone.0234414.ref013], [@pone.0234414.ref017]--[@pone.0234414.ref019]\], measured at baseline age 9 months ([S1 Table](#pone.0234414.s001){ref-type="supplementary-material"}).

All analyses used survey weights to adjust for the survey design and attrition over time. Missingness in the baseline characteristics was dealt with by listwise deletion, multiple imputations, or exclusion of variable if its proportion was \<5%, 5--49%, or ≥50%, respectively \[[@pone.0234414.ref020]\]. Missingness in the outcome variables was dealt with by pairwise deletion to maximise the sample size for each outcome of interest. Patterns of missing data, found by logistic regressions, may bias the generalisability of the results towards the group which is overrepresented in the complete sample.

Chi-squared tests assessed proportion differences in amblyopia and/or strabismus status by baseline characteristics and age at which treatment had started. Among children with amblyopia and/or strabismus, logistic regression models of treatment started by age 3 or 5 assessed associations with type of eye condition and baseline characteristics. A logistic regression model of school readiness and two linear mixed effects (LME) regression models of Naming Vocabulary and Pattern Construction were fitted to assess associations with amblyopia and/or strabismus, adjusted for all baseline characteristics as fixed effects and child level as a random effect to account for the repeated measures of cognitive tests. Interactions between amblyopia and/or strabismus, sex and age were only included if significant at the 5% significance level. The model assumptions were checked ([S1 File](#pone.0234414.s004){ref-type="supplementary-material"}). MCS data were obtained from the UK Data Archive, University of Essex (Essex, England), and analysed in R version 3.5.3 \[[@pone.0234414.ref021]\] using packages `survey` and `lme4`.

Ethics and patient and public involvement {#sec010}
-----------------------------------------

The MCS was approved by the relevant Ethics Committees \[[@pone.0234414.ref008]\] and families of participants gave informed consent to participate \[[@pone.0234414.ref008]\]. Although the MCS is active in participant and public engagement, there was no direct involvement in this specific study, which drew on existing data.

Results {#sec011}
=======

Study population {#sec012}
----------------

The analysis sample consisted of 13,967 singletons aged 3 years old after exclusions due to selection criteria and missingness ([Fig 1](#pone.0234414.g001){ref-type="fig"}). Of these 9835 (68%) completed all cognitive tests with the sample size for each outcome shown in [Fig 1](#pone.0234414.g001){ref-type="fig"}. Missing outcomes were not associated with amblyopia and/or strabismus status, however white, English-speaking, higher qualified, and richer families are moderately overrepresented in the complete-data samples ([S2 Table](#pone.0234414.s002){ref-type="supplementary-material"}).

![Study population of singletons.](pone.0234414.g001){#pone.0234414.g001}

The proportion of children with any amblyopia overall was 2.2% (2.0 to 2.5)--mostly unilateral (97%)--and 2.6% (2.2 to 2.9) children had strabismus ([Table 1](#pone.0234414.t001){ref-type="table"}). The proportions varied by ethnicity, gestational age, and household income ([Table 1](#pone.0234414.t001){ref-type="table"}), in keeping with the current literature \[[@pone.0234414.ref003]\]. Data are not available on whether participants had undergone child vision screening. However, there were significant differences (*p*\<0.001) in the age of starting treatment by amblyopia and/or strabismus status with all having started by age 7 ([Fig 2](#pone.0234414.g002){ref-type="fig"}). Among children with amblyopia and/or strabismus, the proportions of treatment started by age 3 and 5 did not vary by sex, gestational age, birth order, maternal education, and household language and income when adjusted for type of eye condition ([Table 2](#pone.0234414.t002){ref-type="table"}). However, children from any non-white ethnic group were less likely to had started treatment by age 5 compared to white children (Adjusted Odds Ratio (AOR) = 0.41 (0.17 to 0.99)).

![Age of starting treatment by amblyopia and/or strabismus status.](pone.0234414.g002){#pone.0234414.g002}

10.1371/journal.pone.0234414.t001

###### Baseline characteristics of study population at age 3 years by ever presence amblyopia and/or strabismus status.

![](pone.0234414.t001){#pone.0234414.t001g}

  Covariate                Category             No eye condition, *n* = 13,431 (weighted %)   Strabismus alone, *n* = 264 (weighted %)   Refractive amblyopia, *n* = 188 (weighted %)   Strabismic or mixed amblyopia, *n* = 84 (weighted %)   χ^2^ global (weighted) *p*-value
  ------------------------ -------------------- --------------------------------------------- ------------------------------------------ ---------------------------------------------- ------------------------------------------------------ ----------------------------------
  **Sex**                  Girls                6568 (49%)                                    131 (49%)                                  95 (51%)                                       34 (42%)                                               0.65
                           Boys                 6863 (51%)                                    133 (51%)                                  93 (49%)                                       50 (58%)                                               
  **Ethnicity**            White                11535 (89%)                                   240 (94%)                                  172 (95%)                                      77 (92%)                                               \<0.01
                           Non-white            1896 (11%)                                    24 (6%)                                    16 (5%)                                        7 (8%)                                                 
  **Birth order**          1                    6814 (51%)                                    155 (61%)                                  102 (54%)                                      45 (55%)                                               0.10
                           2                    4056 (31%)                                    67 (27%)                                   46 (26%)                                       24 (25%)                                               
                           3+                   2561 (18%)                                    42 (12%)                                   40 (20%)                                       15 (20%)                                               
  **Gestational age**      ≥37 weeks            12,565 (94%)                                  230 (84%)                                  173 (91%)                                      74 (91%)                                               \<0.01
                           \<37 weeks           866 (6%)                                      34 (16%)                                   15 (9%)                                        10 (9%)                                                
  **Maternal education**   A-levels or higher   4876 (37%)                                    78 (33%)                                   63 (33%)                                       21 (27%)                                               0.30
                           O-levels             6265 (48%)                                    131 (49%)                                  87 (47%)                                       42 (55%)                                               
                           None                 2290 (15%)                                    55 (18%)                                   38 (21%)                                       21 (18%)                                               
  **Household language**   English              12989 (94%)                                   [^a^](#t001fn001){ref-type="table-fn"}     [^a^](#t001fn001){ref-type="table-fn"}         [^a^](#t001fn001){ref-type="table-fn"}                 NA
                           Non-English          422 (6%)                                      [^a^](#t001fn001){ref-type="table-fn"}     [^a^](#t001fn001){ref-type="table-fn"}         [^a^](#t001fn001){ref-type="table-fn"}                 
  **Household income**     ≥£20800              4858 (39%)                                    72 (31%)                                   57 (32%)                                       17 (25%)                                               0.02
                           £10400-£20800        4392 (32%)                                    89 (32%)                                   61 (33%)                                       32 (40%)                                               
                           \<£10400             4181 (29%)                                    103 (37%)                                  70 (36%)                                       35 (35%)                                               
  **Total**                Proportion (95%CI)   95.9% (95.5--96.3)                            1.9% (1.6--2.2)                            1.5% (1.3--1.8)                                0.7% (0.6--0.9)                                        

^a^ Not provided to avoid potential disclosure.

10.1371/journal.pone.0234414.t002

###### Odds of treatment started by age 3 and 5 among children with amblyopia and/or strabismus.

![](pone.0234414.t002){#pone.0234414.t002g}

  Covariate                Category                     Age 3 Adjusted[^a^](#t002fn001){ref-type="table-fn"} OR (95%CI)   Age 5 Adjusted[^a^](#t002fn001){ref-type="table-fn"} OR (95%CI)
  ------------------------ ---------------------------- ----------------------------------------------------------------- -----------------------------------------------------------------
  **Eye condition**        Strabismus alone             1.00                                                              1.00
                           Refractive amblyopia         0.07 (0.04--0.12)                                                 0.21 (0.12--0.38)
                           Strabismic/mixed amblyopia   0.54 (0.29--0.99)                                                 2.16 (0.71--6.57)
  **Sex**                  Girls                        1.00                                                              1.00
                           Boys                         1.26 (0.79--2.03)                                                 0.74 (0.43--1.27)
  **Ethnicity**            White                        1.00                                                              1.00
                           Non-white                    0.94 (0.42--2.08)                                                 0.41 (0.17--0.99)
  **Birth order**          1                            1.00                                                              1.00
                           2                            1.03 (0.59--1.81)                                                 0.78 (0.41--1.49)
                           3+                           1.02 (0.53--1.96)                                                 0.94 (0.46--1.95)
  **Gestational age**      ≥37 weeks                    1.00                                                              1.00
                           \<37 weeks                   1.10 (0.47--2.57)                                                 0.69 (0.28--1.71)
  **Maternal education**   A-levels or higher           1.00                                                              1.00
                           O-levels                     0.99 (0.56--1.73)                                                 1.12 (0.59--2.12)
                           None                         1.38 (0.65--2.97)                                                 1.22 (0.52--2.87)
  **Household language**   English                      1.00                                                              1.00
                           Non-English                  0.54 (0.08--3.47)                                                 1.93 (0.31--11.91)
  **Household income**     ≥£20800                      1.00                                                              1.00
                           £10400-£20800                1.08 (0.58--2.01)                                                 1.14 (0.56--2.34)
                           \<£10400                     0.96 (0.52--1.77)                                                 0.98 (0.48--1.99)

^a^ Odds ratios adjusted for all covariates and sample weights.

School readiness {#sec013}
----------------

Only children with strabismic or mixed amblyopia were at greater risk of poor school readiness at age 3 compared to children without any eye conditions (AOR = 2.04 (1.09 to 3.82)) ([Table 3](#pone.0234414.t003){ref-type="table"}). This effect size was comparable to the associations of poor school readiness with non-white ethnicity, higher birth order, lower maternal educational level, English not as main household language, and lower household income. There was no association between refractive amblyopia or strabismus alone and school readiness nor was there an association with starting treatment by age three years. There was no significant interaction between amblyopia and/or strabismus status and sex associated with school readiness (*p* = 0.40).

10.1371/journal.pone.0234414.t003

###### Odds of school readiness in \<25^th^ percentile at age 3.

![](pone.0234414.t003){#pone.0234414.t003g}

  Covariate                Category                     Adjusted[^a^](#t003fn001){ref-type="table-fn"} OR (95%CI)
  ------------------------ ---------------------------- -----------------------------------------------------------
  **Eye condition**        No eye condition             1.00
                           Strabismus alone             1.02 (0.69--1.51)
                           Refractive amblyopia         1.04 (0.68--1.60)
                           Strabismic/mixed amblyopia   2.04 (1.09--3.82)
  **Treatment**            Started by age 3             1.00
                           Not started by age 3         1.11 (0.86--1.43)
  **Sex**                  Girls                        1.00
                           Boys                         1.78 (1.63--1.94)
  **Ethnicity**            White                        1.00
                           Non-white                    2.06 (1.75--2.43)
  **Birth order**          1                            1.00
                           2                            1.19 (1.08--1.32)
                           3+                           2.03 (1.82--2.28)
  **Gestational age**      ≥37 weeks                    1.00
                           \<37 weeks                   1.30 (1.01--1.53)
  **Maternal education**   A-levels or higher           1.00
                           O-levels                     1.96 (1.73--2.22)
                           None                         3.07 (2.60--3.62)
  **Household language**   English                      1.00
                           Non-English                  1.73 (1.23--2.43)
  **Household income**     ≥£20800                      1.00
                           £10400-£20800                1.70 (1.52--1.91)
                           \<£10400                     3.42 (3.04--3.85)

^a^ Odds ratios adjusted for all covariates and sample weights.

Cognitive abilities and trajectories {#sec014}
------------------------------------

After adjusting for all covariates, children without any eye conditions had a mean of 57.6 (56.9 to 58.2) points on Naming Vocabulary at age 3 ([Fig 3](#pone.0234414.g003){ref-type="fig"}, [S3 Table](#pone.0234414.s003){ref-type="supplementary-material"}). By comparison, children with strabismic or mixed amblyopia and with refractive amblyopia had an adjusted mean of 3.2 (1.0 to 5.4) and 1.3 (-0.1 to 2.7) points lower, respectively, whilst those with strabismus alone had 0.8 (-0.8 to 2.3) points lower. Children without any eye conditions had a mean of 53.4 (52.5 to 54.3) points on Pattern Construction at age 5. By comparison, children with strabismic or mixed amblyopia and with strabismus alone had an adjusted mean of 2.7 (0.7 to 4.8) and 2.7 (0.1 to 5.3) points lower, whereas those with refractive amblyopia had 1.1 (-0.9 to 3.0) points lower. None of these was significantly different at clinical thresholds. Furthermore, age at which treatment had started was not associated with Naming Vocabulary (*p* = 0.43) and Pattern Construction (*p* = 0.14). As expected, children scored higher on the cognitive tests at older ages; children without any eye conditions had a mean of 4.1 (3.9 to 4.2) points higher in Naming Vocabulary at age 5 compared to age 3, and 1.8 (1.6 to 1.9) points higher in Pattern Construction at age 7 compared to age 5. Notably, children with amblyopia and/or strabismus had similar cognitive trajectories of Naming Vocabulary (*p* = 0.62) and Pattern Construction (*p* = 0.51) to those without any eye conditions.

![Age-related cognitive trajectories using British Ability Scale II tests by eye condition in (A) girls and (B) boys.\
Scores for baseline children of white ethnicity, gestational age ≥37 weeks, firstborn, whose mothers had A-levels or higher qualification, had English as main household language and were from a median or richer household. Scores were adjusted for sample weights and a random effect at child level. The shaded area is the age-related non-significant clinical difference from the reference group of no eye condition. Age at starting treatment was not associated with Naming Vocabulary (*p* = 0.43) and Pattern Construction (*p* = 0.14).](pone.0234414.g003){#pone.0234414.g003}

Cognitive trajectories (shown in [Fig 3](#pone.0234414.g003){ref-type="fig"}) differed by sex (*p*\<0.001), where boys scored on average lower than girls at younger ages but made greater progress over time. There was no significant interaction between amblyopia and/or strabismus status and sex associated with cognitive trajectories in Naming Vocabulary (*p* = 0.28) and Pattern Construction (*p* = 0.26). These cognitive tests were associated with ethnicity, birth order, gestational age, maternal education, and household language and income, except for no associations of Pattern Construction with birth order and household language. None of these differences, however, were significantly different at clinical thresholds.

Discussion {#sec015}
==========

From a population-based cohort study, no differences were found between children with amblyopia (any type) and those without any eye conditions or those with strabismus alone in cognitive performance and trajectories between the ages 3 and 7 years, i.e. during the period in which amblyopia would be detected and treated. Strabismic or mixed amblyopia, but not refractive amblyopia or strabismus alone, was associated with poor school readiness at age 3 years. Notably, there were no associations between treatment and school readiness nor cognitive performance and trajectories.

The MCS had particular advantages for this investigation because of its overall size and over-sampling of subgroups known to be at greater risk of both amblyopia and strabismus \[[@pone.0234414.ref002]\] and poor educational outcomes \[[@pone.0234414.ref022]\]. Standardised, age appropriate measures of cognitive ability that require visual information processing were taken at multiple ages in the same children, enabling, for the first time, age-related trajectories to be investigated during the period in which amblyopia and strabismus are detected. Exclusion of children with any other eye conditions as well as those with neurological or -developmental disorders ensured investigation specifically of the impact of amblyopia.

Although a limitation of the study was reliance on parental self-report for the classification of eye conditions, the interview questions were carefully constructed at the outset by ophthalmologists and all coding was undertaken by us and has been validated \[[@pone.0234414.ref009], [@pone.0234414.ref010]\]. As the frequencies of both amblyopia and strabismus in MCS align closely with similar population studies in the UK \[[@pone.0234414.ref002]\] and the pattern of age at starting treatment by type of amblyopia aligns with clinical expectations, there is unlikely to be meaningful misclassification bias of eye conditions.

The MCS, like most longitudinal studies, had attrition which was addressed by using survey weights in the analyses. Missing data in the baseline characteristics were negligible and not associated with the outcomes, but missing data in the outcomes reduced the sample size by up to 10%. Despite adjustment of analyses for known confounders, the possibility of residual confounding remains. Finally, as with any epidemiological study, associations are reported at the population rather than individual level, so it might be that some individuals with amblyopia did experience significant adverse outcomes that are not captured by summary statistics.

The ongoing debate about the value of whole population vision screening to detect amblyopia centres largely on the question of whether there are meaningful functional impacts of amblyopia and the extent to which these can be mitigated by treatment in early childhood. Children with amblyopia typically develop visual deficit early in childhood and thus never experience 'normal' vision in the affected eye, which explains the 'asymptomatic' nature of amblyopia and the need for screening to detect affected individuals. Thus, the extensive evidence-base delineating the functional impact of bilateral visual impairment on physical, social and emotional development during childhood and wide-ranging health, social and economic outcomes throughout life is not germane to the current study. Nor is the research on the impact of visual loss acquired later in life \[[@pone.0234414.ref023], [@pone.0234414.ref024]\].

There is some evidence of deficits in the performance of specific visuomotor or -cognitive tasks by children with amblyopia, for example, discernibly impaired of visuomotor tasks if there is also reduced stereovision \[[@pone.0234414.ref025]\]. This might explain our finding that on average children with strabismus (with/without amblyopia) scored the lowest on Pattern Construction. Equally, although amblyopic children aged 8 to 12 years have been reported to have slower reading speed than peers without eye conditions \[[@pone.0234414.ref026], [@pone.0234414.ref027]\], reading abilities and the trajectory of reading development of amblyopic adolescents are reported not to differ meaningfully from those without eye conditions \[[@pone.0234414.ref028]\]. There is very little evidence that these specific deficits in vision-dependent tasks in amblyopes translate into poorer performance, abilities or outcomes in meaningful and important 'real-life' activities or tasks \[[@pone.0234414.ref003], [@pone.0234414.ref029]\].

There are few studies with which we can compare our findings directly. However, studies reporting on educational outcomes are indirectly relevant, as they speak to the combination of cognitive ability in early childhood and learning experience during schooling/higher education \[[@pone.0234414.ref015]\]. An investigation of the ALSPAC cohort in one region of England reported that reduced acuity in one eye (including but not restricted to amblyopia) was not associated with lower attainment in standardised assessments of English, Maths, and Science at ages 10--11 and 14--16, respectively \[[@pone.0234414.ref013]\]. Our own investigation of the 1958 British Birth Cohort showed that amblyopia was not associated with educational test performances at age 11 nor educational attainment at age 33 \[[@pone.0234414.ref017]\]. Amblyopia did not affect lifetime occupational class but fewer affected individuals completed a university degree in an Australian study \[[@pone.0234414.ref030]\]. Our finding of a lack of association of either amblyopia (all types) or strabismus alone on cognitive abilities requiring visual-verbal and visual-spatial processing and their trajectories from age 3 to 5 to 7 is novel. This may provide insights into the absence of evidence of differences between those with and without amblyopia in terms of visuospatial cognition \[[@pone.0234414.ref031]\] and educational outcomes \[[@pone.0234414.ref013], [@pone.0234414.ref028], [@pone.0234414.ref030], [@pone.0234414.ref032]\] later in life.

Whole population child vision screening was well established in the UK at the time that participants in the MCS would have been eligible, although whether screening was undertaken was not recorded. One rationale for the recommendation from the UK National Screening Committee that screening should be undertaken at school entry (versus prior standalone preschool screening programmes) is to ensure equitable provision and access in the face of evidence of socio-economic variations in uptake \[[@pone.0234414.ref002], [@pone.0234414.ref033]\]. Our findings that the likelihood of starting treatment for amblyopia was not associated with gender, gestational age, maternal education, or household income, provide indirect support that the currently recommended universal child vision programme in the UK is successfully addressing some prior inequalities. Nevertheless, the association between non-white ethnicity and reduced odds of starting treatment by age 5 years is noteworthy and requires further attention. Our finding that most children with strabismus (with/without amblyopia) had started treatment by age 3 whereas those with refractive amblyopia at older ages, supports the notion that screening at age 4--5 years does indeed---as intended---identify those with asymptomatic impaired acuity rather than those with cosmetically obvious strabismus. Whilst our ability to understand the mediating the role of treatment is limited due to the nature of the MCS dataset, the lack of any associations between having started treatment and school readiness or cognitive performance is notable. There is no reason to think these findings are not generalisable to other similar populations.

Children with amblyopia combined with strabismus were found to be at meaningfully increased risk of poor school readiness at age 3 years and it is notable that the size of this association was comparable to key factors that are targeted in interventions to improve school readiness \[[@pone.0234414.ref016]\]. The mechanism underlying this association is not known but as there was no association with treatment this suggests that it is not mediated by visual function. There is merit in research to understand whether amblyopia combined with strabismus is a marker of broader vulnerability that manifests as poorer school readiness.

Our findings are consistent with the notion that amblyopia *per se* does not have a meaningful functional impact on cognitive abilities in early childhood and this lack of association is not attributable to treatment. Taken together with existing evidence of no associations with educational outcomes later in life, these findings suggest that averting adverse educational experience in attainment is not a reasonable justification of itself for screening to detect amblyopia.
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###### Coding of covariates.
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Click here for additional data file.

###### Odds of missing data in confounders and cognitive tests.

^a^ Missing data in confounders (n = 471): gestational age (n\<10), maternal education (n = 32), and disposable household income (n = 445). ^b^ Missing data cognitive tests (based on the number of children participating at the oldest age at which the cognitive test was taken): Bracken School Readiness Assessment-Revised (n = 1460), British Ability Scale II Naming Vocabulary at ages 3 and 5 (n = 774), and British Ability Scale II Pattern Construction at ages 5 and 7 (n = 313). ^c^ Odds ratios adjusted for all covariates listed in the table and sample weights.
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Click here for additional data file.

###### Associations with cognitive abilities and age-related trajectories using British Ability Scale II tests.

^a^ BAS II NV, British Ability Scale II Naming Vocabulary at ages 3 and 5; BAS II PC, British Ability Scale II Pattern Construction at ages 5 and 7. ^b^ Estimates adjusted for all covariates, sample weights, and random effect on child.
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Dear Professor Rahi,

Thank you for submitting your manuscript to PLOS ONE. After careful consideration, we feel that it has merit but does not fully meet PLOS ONE's publication criteria as it currently stands. Therefore, we invite you to submit a revised version of the manuscript that addresses the points raised during the review process.

AE-1 Please address as a limitation to the study that the main variables studied such as amblyopia, and strabismus were self reported.

AE-2 Please provide some details about the Bracken School Readiness Assessment Revised (BSRA-R) and the British Ability Scale.

We would appreciate receiving your revised manuscript by Jun 29 2020 11:59PM. When you are ready to submit your revision, log on to <https://www.editorialmanager.com/pone/> and select the \'Submissions Needing Revision\' folder to locate your manuscript file.

If you would like to make changes to your financial disclosure, please include your updated statement in your cover letter.

To enhance the reproducibility of your results, we recommend that if applicable you deposit your laboratory protocols in protocols.io, where a protocol can be assigned its own identifier (DOI) such that it can be cited independently in the future. For instructions see: <http://journals.plos.org/plosone/s/submission-guidelines#loc-laboratory-protocols>

Please include the following items when submitting your revised manuscript:

A rebuttal letter that responds to each point raised by the academic editor and reviewer(s). This letter should be uploaded as separate file and labeled \'Response to Reviewers\'.A marked-up copy of your manuscript that highlights changes made to the original version. This file should be uploaded as separate file and labeled \'Revised Manuscript with Track Changes\'.An unmarked version of your revised paper without tracked changes. This file should be uploaded as separate file and labeled \'Manuscript\'.

Please note while forming your response, if your article is accepted, you may have the opportunity to make the peer review history publicly available. The record will include editor decision letters (with reviews) and your responses to reviewer comments. If eligible, we will contact you to opt in or out.

We look forward to receiving your revised manuscript.

Kind regards,

Ahmed Awadein, MD, Ph.D, FRCS

Academic Editor

PLOS ONE

Journal Requirements:

When submitting your revision, we need you to address these additional requirements.

1\. Please ensure that your manuscript meets PLOS ONE\'s style requirements, including those for file naming. The PLOS ONE style templates can be found at

<https://journals.plos.org/plosone/s/file?id=wjVg/PLOSOne_formatting_sample_main_body.pdf> and

<https://journals.plos.org/plosone/s/file?id=ba62/PLOSOne_formatting_sample_title_authors_affiliations.pdf>

\[Note: HTML markup is below. Please do not edit.\]
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**Comments to the Author**

1\. Is the manuscript technically sound, and do the data support the conclusions?

The manuscript must describe a technically sound piece of scientific research with data that supports the conclusions. Experiments must have been conducted rigorously, with appropriate controls, replication, and sample sizes. The conclusions must be drawn appropriately based on the data presented.

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

2\. Has the statistical analysis been performed appropriately and rigorously?

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

3\. Have the authors made all data underlying the findings in their manuscript fully available?

The [PLOS Data policy](http://www.plosone.org/static/policies.action#sharing) requires authors to make all data underlying the findings described in their manuscript fully available without restriction, with rare exception (please refer to the Data Availability Statement in the manuscript PDF file). The data should be provided as part of the manuscript or its supporting information, or deposited to a public repository. For example, in addition to summary statistics, the data points behind means, medians and variance measures should be available. If there are restrictions on publicly sharing data---e.g. participant privacy or use of data from a third party---those must be specified.

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

4\. Is the manuscript presented in an intelligible fashion and written in standard English?

PLOS ONE does not copyedit accepted manuscripts, so the language in submitted articles must be clear, correct, and unambiguous. Any typographical or grammatical errors should be corrected at revision, so please note any specific errors here.

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

5\. Review Comments to the Author

Please use the space provided to explain your answers to the questions above. You may also include additional comments for the author, including concerns about dual publication, research ethics, or publication ethics. (Please upload your review as an attachment if it exceeds 20,000 characters)

Reviewer \#1: The study explored whether amblyopia is associated with school readiness and early cognitive performance based on the data from the prospective Millennium Cohort Study of children born in the United Kingdom. The paper is well written and conclusions are sound.

Questions:

Line 101. \"Children with any other eye conditions were excluded\". Which eye conditions were excluded and what impact it could have had on the findings of the study.

Line 154 \"white, English-speaking, higher qualified, and richer families are moderately overrepresented in the complete-data samples\" Why are samples not representative of the UK population. What impact it could have on the findings of the study.

Were white ethnicity, higher birth order, lower maternal educational level, English not as main household language, and lower household income associated with amplyopia?

Reviewer \#2: Dear Authors, thank you for your work. I appreciate the effort of conducting and finalizing such an interesting and useful study for Pediatric Ophthalmologists. The study results fit in my long practice experience results and conclusions.

Best wishes,

Daniela Cioplean

\*\*\*\*\*\*\*\*\*\*

6\. PLOS authors have the option to publish the peer review history of their article ([what does this mean?](https://journals.plos.org/plosone/s/editorial-and-peer-review-process#loc-peer-review-history)). If published, this will include your full peer review and any attached files.

If you choose "no", your identity will remain anonymous but your review may still be made public.

**Do you want your identity to be public for this peer review?** For information about this choice, including consent withdrawal, please see our [Privacy Policy](https://www.plos.org/privacy-policy).

Reviewer \#1: No

Reviewer \#2: Yes: Daniela Eleonora Cioplean

\[NOTE: If reviewer comments were submitted as an attachment file, they will be attached to this email and accessible via the submission site. Please log into your account, locate the manuscript record, and check for the action link \"View Attachments\". If this link does not appear, there are no attachment files to be viewed.\]

While revising your submission, please upload your figure files to the Preflight Analysis and Conversion Engine (PACE) digital diagnostic tool, <https://pacev2.apexcovantage.com/>. PACE helps ensure that figures meet PLOS requirements. To use PACE, you must first register as a user. Registration is free. Then, login and navigate to the UPLOAD tab, where you will find detailed instructions on how to use the tool. If you encounter any issues or have any questions when using PACE, please email us at <figures@plos.org>. Please note that Supporting Information files do not need this step.
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Dear Prof Awadein,

Thank you for the expert review of our manuscript titled "Is amblyopia associated with school readiness and cognitive performance during early schooling? Findings from the Millennium Cohort Study" (manuscript ID PONE-D-20-10720).

We appreciate your comments and that of the two external reviewers. The comments and our response after each comment in italics are provided below. A clean revised manuscript and a marked-up copy of the changes made in the original manuscript and supplementary file are submitted as part of the revision.

Academic editor

AE-1 Please address as a limitation to the study that the main variables studied such as amblyopia, and strabismus were self reported.

Thank you for your comment. We have put more emphasis on the limitation that the classification of eye conditions was based on parental self-report, please see page 12 lines 284-286:

"Although a limitation of the study was reliance on parental self-report for the classification of eye conditions, the interview questions were carefully constructed at the outset by ophthalmologists and all coding was undertaken by us and has been validated (9,10). As the frequencies of both amblyopia and strabismus in MCS align closely with similar population studies in the UK (2) and the pattern of age at starting treatment by type of amblyopia aligns with clinical expectations, there is unlikely to be meaningful misclassification bias of eye conditions."

AE-2 Please provide some details about the Bracken School Readiness Assessment Revised (BSRA-R) and the British Ability Scale.

We added more information on the outcomes, please see page 5 lines 124-129:

"The composite of the BSRA-R consists of six subtests that assess educationally relevant concepts needed for early formal education (14). These subtests comprise knowledge of colours, letters, shapes, numbers and counting and the child's ability to describe, match and compare objects. \[...\] The BAS II is a standardised cognitive test battery in the UK to evaluate the developmental and learning abilities of children (15)."

Reviewer \#1

The study explored whether amblyopia is associated with school readiness and early cognitive performance based on the data from the prospective Millennium Cohort Study of children born in the United Kingdom. The paper is well written and conclusions are sound.

Questions:

Line 101. \"Children with any other eye conditions were excluded\". Which eye conditions were excluded and what impact it could have had on the findings of the study.

Thank you for your comment. The aim of our study was to investigate the specific impact of amblyopia -- which most commonly causes unilateral impairment of vision with often only mildly or moderately reduced acuity in the affected eye but generally some impairment of stereo vision. We therefore deliberately excluded all children who would have conditions that caused visual impairment or blindness (by definition disorders affecting both eyes) as we know that significantly impaired vision in both eyes is definitely associated with challenges in the educational setting. Therefore we excluded children with any visual impairment or blindness due to any cause including cerebral visual impairment and the following ocular conditions: nystagmus, ptosis, anophthalmos, glaucoma, anterior segment abnormality, craniofacial disorders, corneal opacity and dystrophy, cataract, retinal detachment, retinal dystrophy, albinism, retinopathy of prematurity, retinal haemorrhage, retinal coloboma, retinitis, coloboma, aniridia, uveal tumour, and uveitis, optic nerve hypoplasia, secondary atrophy, optic neuropathy/neuritis, optic nerve tumour, coloboma, and ocular trauma to the eye. We added this information to Table S1 in the Supplementary File and refer to it in the Manuscript on page 5 line 115. As written in the Discussion Section on page 12 lines 282-283, the exclusion of children with any other eye conditions ensured investigation specifically of the impact of amblyopia. If these children were to be included with the control group, it would have diluted the impact of amblyopia compared to normal vision associated with school readiness and cognitive abilities.

Line 154 \"white, English-speaking, higher qualified, and richer families are moderately overrepresented in the complete-data samples\" Why are samples not representative of the UK population. What impact it could have on the findings of the study.

All statistical analyses used survey weights to correct for the unequal probabilities of selection that resulted from the stratified cluster survey design and loss to follow-up across sweeps. However, they do not correct for partial missing information. In this study, there were missing data in the outcomes (up to 10%), resulting in some characteristics being moderately overrepresented in the complete-data samples. Ethnicity, language, maternal education and income were associated with missingness, but more importantly, amblyopia and/or strabismus status was not, therefore unbiased estimates of amblyopia and/or strabismus status associated with the outcomes could still be obtained when adjusting for the other factors.

Were white ethnicity, higher birth order, lower maternal educational level, English not as main household language, and lower household income associated with amplyopia?

Indeed ethnicity and household income were associated with amblyopia, however birth order and maternal education were not. These results can be seen in Table 1 on page 9 and the significant ones were reported on page 7 lines 175-177.

Reviewer \#2

Dear Authors, thank you for your work. I appreciate the effort of conducting and finalizing such an interesting and useful study for Pediatric Ophthalmologists. The study results fit in my long practice experience results and conclusions.

Best wishes,

Daniela Cioplean

Thank you for the compliment.

We are grateful for the work you and the reviewers have conducted to improve our manuscript. We hope that we have addressed all the concerns raised and that our paper could be published in your journal.

We are looking forward to hearing from you.

Sincerely,

Jugnoo Rahi

Professor of Ophthalmic Epidemiology and Honorary Consultant Ophthalmologist

Population, Policy and Practice Research and Teaching Department

University College London Great Ormond Street Institute of Child Health

30 Guilford Street, London, WC1N 1EH, UK
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Dear Dr. Rahi,

We are pleased to inform you that your manuscript has been judged scientifically suitable for publication and will be formally accepted for publication once it complies with all outstanding technical requirements.

Within one week, you will receive an e-mail containing information on the amendments required prior to publication. When all required modifications have been addressed, you will receive a formal acceptance letter and your manuscript will proceed to our production department and be scheduled for publication.

Shortly after the formal acceptance letter is sent, an invoice for payment will follow. To ensure an efficient production and billing process, please log into Editorial Manager at <https://www.editorialmanager.com/pone/>, click the \"Update My Information\" link at the top of the page, and update your user information. If you have any billing related questions, please contact our Author Billing department directly at <authorbilling@plos.org>.

If your institution or institutions have a press office, please notify them about your upcoming paper to enable them to help maximize its impact. If they will be preparing press materials for this manuscript, you must inform our press team as soon as possible and no later than 48 hours after receiving the formal acceptance. Your manuscript will remain under strict press embargo until 2 pm Eastern Time on the date of publication. For more information, please contact <onepress@plos.org>.

With kind regards,

Ahmed Awadein, MD, Ph.D, FRCS
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Dear Dr. Rahi:

I\'m pleased to inform you that your manuscript has been deemed suitable for publication in PLOS ONE. Congratulations! Your manuscript is now with our production department.

If your institution or institutions have a press office, please let them know about your upcoming paper now to help maximize its impact. If they\'ll be preparing press materials, please inform our press team within the next 48 hours. Your manuscript will remain under strict press embargo until 2 pm Eastern Time on the date of publication. For more information please contact <onepress@plos.org>.

If we can help with anything else, please email us at <plosone@plos.org>.
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